A great deal is known about the genetic relationships between biomarkers and their biogenic precursors in organic-rich rocks. The same is true of the way in which biomarker compound ratios change during maturation. On the other hand, very little is known about whether a crude oil can fully retain its inherent compositional ancestry during expulsion from a source rock. Thanks 
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Control of facies, maturation and primary migration on biomarkers in the Barnett
Introduction
Biomarkers are complex molecular fossils derived from once-living organisms that have been preserved in sediments (Peters et al., 2005; Tissot and Welte, 1984) . The general application of biomarkers for inferring paleoflora, paleoenvironments and the origin of life on Earth, as well as for providing a zonation for diagenetic change, is well established practice. The concept of oil-oil and especially oil-source correlation assumes that the distribution of biomarkers in nonbiodegraded petroleum fluids is inherited from precursor biota and thermal maturity, and has remained unchanged during the migration processes. While migrational fractionation was postulated forty years ago by Seifert and Moldowan (1978) , the small size of their dataset precluded unambiguous interpretation. In a later study, a slight increase in 5α,14α,17α(H)20S and a relatively large increase in 5α,14β,17β(H)20R compared with 5α,14α,17α(H)20R steranes was attributed to migrational changes (Seifert and Moldowan, 1981) . Variations in the relative abundance of mono-/tri-aromatic steroids have also been ascribed to the migration effect (Hoffmann et al., 1984) . Fan and Philp (1987) and Jiang et al. (1988) crudely simulated migration using an alumina column, and observed greatly exaggerated fractionation effects, i.e. the elution of tricyclic terpanes prior to pentacyclic terpanes, 17α,21β(H)-hopanes and 22S 17α,21β(H)-hopanes elute more rapidly than 17β,21α(H)-hopanes and 22R 17α,21β(H)-hopanes, rearranged and 5α,14β,17β(H)-steranes elute faster than 5α,14α,17α(H)-steranes, and 20S 5α,14α,17α(H)-steranes elute faster than 20R 5α,14α,17α(H)-steranes. Peters et al. (1990) attempted to mimic the primary migration process using hydrous pyrolysis. While none of their isomerization biomarker ratios showed significant differences between bitumen and the expelled oil -such as 22S vs 22R C32 17α,21β(H)-homohopanes or 20S vs 20R and ββ vs αα C29 5α(H)-steranes -they observed a preferential migration of mono-over tri-aromatic steroids, tricyclic terpanes over hopanes, and diasteranes over steranes. The question remains as to whether petroleum fractionation in the subsurface is fundamentally the same as seen in such laboratory chromatographic systems (Krooss et al., 1991) .
The lack of direct observations of petroleum in the act of moving in the subsurface from one place to another constitutes a major obstacle to our understanding of migration, especially primary migration . As most biomarkers are source-and maturitysensitive, an unambiguous observation of biomarker alterations during or resulting from migration can only be possible for a given set of samples with identical maturity and a similar source.
In spite of many constraints, a recently published paper on the Barnett Shale (Han et al., 2015) may provide a sound basis for conclusive interpretation. In the Marathon 1 Mesquite well, the Mississippian Barnett Shale was shown to possess a rather homogeneous kerogen facies (Type-II marine), depositional environment and maturity signature (1.0% Rc, calculated vitrinite reflectance). The 175-ft thick Barnett Shale sequence has been subdivided top down into five intervals, in which the second interval is abundant in porous sponge spicules and behaves like a reservoir-unit, while the third interval consists mainly of organic-rich mudstones and constitutes the best source-rock. The fluorescing oil, occurring both in the chamber of sponge spicules and sorbed on organic particles, is enriched in saturated hydrocarbons, whereas the dispersed oil from the underlying argillaceous source interval is enriched in resins and asphaltenes. Mass-balance calculations have shown evidence of accumulations of non-indigenous hydrocarbons in the reservoir unit (the 2 nd interval plus the upper part of the 3 rd interval). This observation, in conjunction with the abovementioned geological circumstances, led us to conclude that shortdistance migration of petroleum into the reservoir unit fractionates the oil into a higher quality liquid by preferential retention in the order polar compounds > aromatic hydrocarbons > saturated hydrocarbons within the underlying organic-rich interval. At that time, we hypothesized that it is the intraformational migrated hydrocarbons that accumulated in the reservoir unit, though we presented no biomarker data. Here, we have re-examined the consistency in source facies and thermal maturity using various non-biomarker and biomarker parameters. The aim of this study is, therefore, to use our well-characterized samples as a reliable test set to obtain an understanding of the possible effects of migration on biomarker parameters and other well-known thermal maturity ratios.
Experimental
Seventeen bitumen extracts from the comprehensively studied Barnett Shale in the Marathon 1 Mesquite well were extracted and fractionated into compound classes, as described by Han et al. (2015) . Metastable reaction monitoring/gas chromatography/mass spectrometry (MRM/GC/MS) was conducted in addition, because many biomarkers were in too low a concentration as to be detected by GC/MS. The saturate fraction was subjected to urea adduction following the procedure of Marquart et al. (1968) in order to concentrate the branched-cyclic biomarkers. The corresponding separated alkanes (i.e. n-C17, n-C18, pristane and phytane) were further analysed using isotope ratio monitoring/gas chromatography/mass spectrometry (IRM/GC/MS) on a system described by Kristen et al. (2010) . All stable carbon isotope values were measured in triplicate against Vienna PeeDee Belemnite (VPDB) as follows: δ 
Results and discussion
Framework-1: thermal maturity from aromatic compound ratios
The distributions of alkylated aromatic hydrocarbons and aromatic sulphur compounds are well-developed and established thermal maturity parameters (Alexander et al., 1985; Radke, 1988; Radke et al., 1990; Radke et al., 1984; Radke et al., 1982a; Radke et al., 1986; Radke et al., 1982b) , which were believed not to be affected by geochromatographic fractionations (Leythaeuser et al., 1988; Radke et al., 1990) . In line with this, methyl-, dimethyl-and trimethylnaphthalene isomer ratios (MNR, DNR, TNR1 and TNR2, respectively) exhibit a uniform thermal maturity level in the Marathon 1 Mesquite well (Table 1, Figure 1A ). Methyl-and dimethyl-phenanthrene isomer ratios, in part published previously (MPI1, Han et al., 2015) , behave similarly (Table 1, Figure 1B ). The thermal rearrangement and methylation reactions are thought to result in a pronounced increase in specific ratios, such as the MNR (Radke, 1988; Radke et al., 1986; Radke et al., 1982b) and MPI1 (Alexander et al., 1985; Radke, 1988; Radke et al., 1982a) . Based on this hypothesis, alkylated aromatic hydrocarbon derived maturation ratiosfor example MNR, DNR, MPR and MPI1 -were calibrated against the measured vitrinite reflectance (Radke et al., 1984; Radke et al., 1986) . Accordingly, we calculated the corresponding equivalent vitrinite reflectance ( Table 2 ). The Rc of 1.00 to 1.10% (Table 2) totally corresponds to that calculated from Tmax (~1.03% Rc, Han et al., 2015) . A possible impact of organic matter type on the distribution of naphthalene and phenanthrene isomers (Radke, 1988; Radke et al., 1986) was not evident in this study.
Comparing with alkylated aromatic hydrocarbons, the alkylated dibenzothiophene (DBT)-derived maturity ratios rely on the same chemical basis, i.e. a shift in predominance from thermally relatively unstable isomers towards more stable isomers with increasing maturation (Radke, 1988) . In the Marathon 1 Mesquite well, some DBT-derived maturation ratios illustrate identical thermal maturity, for instance MDR1 and MDR2,3 (Table 1, Figure 1C ). However, notably, the MDR4 index implies a considerable maturity deviation for samples of the ''false'' Barnett (the 1 st interval). In accordance with the original statement of Radke et al. (1986) , the noticeably low MDR4 was indicative of the variations in source facies, a point which is also supported by the excursion in δ 13 C described below (Figure 2 ).
Framework-2: source facies from compound-specific stable carbon isotope ratios
Stable carbon isotope ratio is a widely used tool in source facies correlation (Chung et al., 1992; Peters et al., 1999; Sofer, 1984) . However, since hydrocarbons can become isotopically enriched in 13 C as maturation progresses (Clayton and Bjorøy, 1994 ), a precise interpretation of source facies based on compound-specific δ C values (2-3 ‰) for n-C17, n-C18, pristane and phytane are larger in extracts from sample G009583. As claimed by Chung et al. (1992) , in general, the carbon isotopic composition of oils derived from marine carbonates is heavier than that of shales, whilst some exceptions are known for Paleozoic oils (Wenger et al., 1988) . In line with this generalization, sample G009583 exhibits high calcite content (64.8%, Table 3 ).
Thus, we have demonstrated an identical maturity level and a common source facies using non-biomarker molecular parameters in the studied well, with the exception of bitumen extracts from the ''false'' Barnett interval. These results are generally in line with our previous interpretations, namely that the Barnett Shale has been shown to possess a rather homogeneous kerogen facies, depositional environment and maturity signature based on bulk geochemical data (Han et al., 2015) .
Sterane and diasterane distributions
Sterane homologues (C27-C28-C29) reflect the marine eukaryotic versus terrestrial organic input into sedimentary organic matter (Huang and Meinschein, 1979; Moldowan et al., 1985) . Likewise what illustrated in Hill et al. (2007) , the ternary diagram of steranes illustrates a similar source facies for Barnett Shale samples, whereas the diasterane diagram (Peters et al., 2005) Figure 2 ). Correspondently, the triangular plots of C29 steranes and diasteranes reveal the organic matter of the ''false'' Barnett to be slightly different (Moldowan et al., 1985; Zumberge, 1987) (Figure 3) . Notably, the regular steranes display slightly different trends than the diasteranes. This discrepancy may arise from the relatively low concentration of steranes as exemplified in Figure 4 , which may be caused by high maturity (Hill et al., 2007) and may thus result in a lower accuracy of quantification. Due to the excessive background noise observed for C28 ergostanes (Figure 4) , which may bear the problem of coelution (C28 βαα20R nearly co-elutes with C28 αββ20R) (Peters et al., 2005) , the C28 ergostanes are not studied here.
Nevertheless, except for samples from the 1 st interval, Barnett Shale bitumen extracts from the Marathon 1 Mesquite well exhibit a common source facies . One sample (G009674) from the 4 th interval also has a slightly different algal input. In addition to organofacies interpretation, steranes are widely used in maturity detection as well.
Steranes with the biological configuration 5α,14α,17α(H)20R systematically decline relative to the geological 14β,17β(H) and 20S forms. The 20S/(20S+20R) ratio is believed to describe the maturity-driven progress of 20R to 20S isomerization in steranes (Peters et al., 2005) . In maturation series, the 20S/(20S+20R) ratio of C29 5α,14α,17α(H) steranes rises from 0 to an equilibrium at about 0.52-0.55 with increasing maturity (Seifert and Moldowan, 1986) . With an average value of 0.49 and 0.44 for C27 ( Figure 5A ) and C29 ( Figure 6A ) 5α,14α,17α(H) homologues, respectively (Table 4) , this ratio exhibits variation in the study well. In these depth profiles, the 20S/(20S+20R) C27 cholestane ratio is very stable ( Figure 5A ), while that of C29 stigmastane seems to exhibit higher values in the reservoir unit ( Figure 6A ) in which migrated has accumulated (Han et al., 2015) .
C-20 isomerization is reported to occur earlier in diasteranes than in regular steranes (Mackenzie et al., 1980) . Change in the 20S/(20S+20R) ratio of 13β,17α(H)-diacholestanes equilibrates at about 0.6 in the Paris Basin, which is broadly analogue to our case (Type-II kerogen) (Table 4) . That is to say, the stable values that fluctuate around 0.6 (Figure 5B and 6B) fit the expectation that the isomerization of diasteranes has already reached the end-point of equilibrium.
Configuration at the C-14(H) and C-17(H) chiral centres of steroids appears to reach equilibrium slower than C-20 isomerization in sterane and diasteranes (Mackenzie et al., 1980) . The ββ/(αα+ββ) ratio increases from near-zero to equilibrium values of about 0.7 as maturity increases (Peters et al., 2005) . It is clear that equilibrium is not reached for C27 and C29 5α(H) sterane homologues ( Figure 5C and 6C), which show average values of only 0.48 and 0.57, respectively (Table 4) . Data scattering is more pronounced for ββ/(αα+ββ) steranes than for 20S/(20S+20R) diasteranes ( Figure 5B and 6B), in correspondence with their relatively low signal to noise (S/N) ratios compared to diasteranes (Figure 4 ).
It has been proposed that the rearrangement of methyl groups at the C-5 and C-14 steroid nucleus is clay-catalysed during diagenesis and early catagenesis (Rubinstein and Albrecht, 1975) . The diasteranes/steranes ratio increases dramatically after peak oil generation (Peters et al., 1990) , up until the regular steranes have totally diminished (Peters et al., 2005) . Steranes are still detectable in our samples, albeit in lower concentrations compared to diasteranes (Figure 4 ).
With the exception of only one sample (G009674) with slightly lower diasteranes/steranes values for both the C27 ( Figure 5D ) and the C29 ( Figure 6D ) steranes, the diasteranes/steranes ratios exhibit no statistical variation.
Migration of steranes
Sterane biomarker fractionation has been reported in both field studies Moldowan, 1978, 1981) and laboratory simulating experiments (Carlson and Chamberlain, 1986; Fan and Philp, 1987; Jiang et al., 1988) , with the 20S 5α,14α,17α(H)-steranes eluting through porous media faster than the 20R 5α,14α,17α(H)-steranes; the 5α,14β,17β(H)-steranes elute faster than the 5α,14α,17α(H)-steranes, and the diasteranes elute much more readily than the regular steranes. Notwithstanding, the distributions of steranes and diasteranes do not suggest that Figure 6A ). For practical purposes, the C29 stigmastanes are the most used steranes, as coelutions from other sterane isomers are minor (Seifert and Moldowan, 1979; Seifert and Moldowan, 1986) . However, the MRM/GC/MS measurements applied here are reasonably accurate for C27 cholestanes as well (Peters et al., 2005) . For accuracy, the C27 cholestanes are preferentially drawn on in the following discussion as their signal to noise ratios are higher by comparison (Figure 4 The discrepancies between what has been reported in field studies Moldowan, 1978, 1981) and this study may be rooted in the fact that the scopes of the investigated processes are different. This study reports on primary migration, while Seifert and Moldowan (1981) focused on the possible geochromatography effects of secondary migration. The primary migration of petroleum within the study source sequence is in the tens of metres in scale, while that of secondary petroleum migration from source rock to and within reservoirs is likely in the kilometres. Thus, it is also possible that the indistinctly higher values of 20S/(20S+20R) and ββ/(αα+ββ) at C29 stigmastanes in the reservoir unit ( Figure 6A and 6C) constitute the prototype geochromatography effects of short distance migration.
The discrepancies between laboratory simulating experiments (Carlson and Chamberlain, 1986; Fan and Philp, 1987; Jiang et al., 1988 ) and the current study may arise from the different conditions of temperature and time in which the migrating biomarkers occur. For example, the diasterane 20S/(20S+20R) ratios of our samples (Table 4) have already reached the end-point of equilibrium (0.6). Even if the purported laboratory simulated fractionation effects did indeed once occur in the Barnett Shale when petroleum migrated from the source unit into the reservoir unit, the continuing high ambient thermal stress in the subsurface may have forced the values back to the end-point of equilibrium. Clearly this does not happen in the laboratory. Subsurface petroleum migration is not the same as that seen in the laboratory. As the 20S/(20S+20R) diasterane ratios are not reported to have values significantly higher than 0.6 to the best of our knowledge, we can deduce that the thermal isomerization reactions can predominate over and mask out possible fractionation effects that might have occurred.
If thermal stress can mask out the possible effects of fractionations, the uniform distributions of 20S/(20S+20R) steroid ratios -i.e. the C27 diacholestanes ( Figure 5B ) and C29 diastigmastanes ( Figure 6B ) -should not be employed for interpreting possible biomarker fractionations. As the dβα/(αββ+ααα) ratios of diasteranes/steranes are certainly not at the end-point of equilibrium (1.0), they are alternatively referenced here ( Figure 5D and 6D ). In line with previous interpretations, there is an absence of noticeable fractionation features as petroleum migrates from the source unit into the reservoir unit. Only one sample (G009674) shows slightly low diasteranes/steranes values ( Figure 5D and 6D), which is probably due to its unique source facies (Figure 3 ) or lithology compositions (Table 3) . Whilst mobility is believed to be higher for rearranged steranes than for steranes (Carlson and Chamberlain, 1986; Fan and Philp, 1987; Jiang et al., 1988; Peters et al., 1990; Seifert and Moldowan, 1978) , fractionations of diasteranes/steranes ratios could nevertheless not be observed.
For interpreting the possible fractionation effects on steroid biomarkers, the most suitable data come from the 20S/(20S+20R) ratios of 13β,17α(H) diasteranes which are already in equilibrium at the end-point of isomerization reactions. In those cases in which the reaction end-point has not been reached, i.e. the C27 20S/(20S+20R) and dβα/(αββ+ααα) diasteranes/steranes, steroid biomarkers have nonetheless not undergone significant changes in the course of intraformational migration of petroleum within the Barnett Shale sequence under study here.
Hopane distributions
Source-input differentiation and thermal-maturity determination using terpanes are also standard procedures in petroleum system evaluation. Parameters include the distribution of tricyclics/17α-hopanes, C31-C34 homohopanes, methylhopanes, gammacerane, oleanane and 22S/(22S+22R) homohopanes, moretanes/hopanes, Ts/(Ts+Tm), as reviewed by Peters et al. (2005) . Terpanes are either absent or too low to be quantified in the Mesquite well, with the exception of the Ts/(Ts+Tm) ratio of C27 22,29,30-trisnorhopanes and the 22S/(22S+22R) ratio of C31 17α-hopanes.
The Ts/(Ts+Tm) ratio, sometimes referred to as Ts/Tm, is regarded as the most reliable maturity indicator when there is a proven common source of consistent organic facies (Peters et al., 2005) . C27 18α-22,29,30-trisnorneohopane-II (Ts) is believed to be more resistant to maturation compared to C27 17α-22,29,30-trisnorhopane (Tm). Therefore, the Ts/Tm ratio increases with maturity (Seifert and Moldowan, 1981) until Tm has been exhausted (Peters et al., 2005) . Coelution of Tm and Ts with tricyclic or tetracyclic terpanes on m/z 191 mass chromatograms can result in spurious Ts/(Ts + Tm) values (Peters et al., 2005) , but this situation can be remedied by utilizing MRM/GC/MS (Seifert and Moldowan, 1986 ). In our sample set, the Ts/Tm ratio shows significant variation throughout the whole sequence ( Figure 7A ).
The epimerization of C-22 asymmetric hopanoid centres during maturation exhibits reaction rates and resultant isomeric mixture ratios (60:40) similar to those displayed by C-20 epimerization in diasteranes (Mackenzie et al., 1980) . Thus, the 22S/(22S+22R) profile ( Figure   7B ) is analogue to that of 20S/(20S+20R) ratios of diasteranes ( Figure 5B and 6B) . Virtually no systematic change to this ratio can be distinguished, and it appears as though it has reached equilibrium at the end-point of isomerization. The 22S/(22S+22R) ratio for individual C31-C35 17α-homohopanes may differ slightly (Peters et al., 2005) , whilst the average value of 0.56 (Table 4 ) fits the calculated ratio (0.55) for 22S/(22S+22R) C31 17α-hopanes (Zumberge, 1987) .
Migration of hopanes
Fractionation of hopane biomarkers has been reported in experimental migration simulations (Fan and Philp, 1987; Jiang et al., 1988; Peters et al., 1990) . Preferential migration of tricyclic terpanes versus pentacyclic terpanes has been observed in hydrous pyrolysis experiments (Peters et al., 1990) . Besides that, Fan and Philp (1987) and Jiang et al. (1988) , simulating migration using an alumina column, showed that 17α,21β(H)-hopanes and 22S 17α,21β(H)-hopanes elute more rapidly than 17β,21α(H)-hopanes and 22R 17α,21β(H)-hopanes, and that Ts C27-trisnorhopane elutes faster than Tm C27-trisnorhopane.
For the samples reported here, the postmature applicable Ts/(Ts+Tm) ratio exhibits no fractionation-associated effects at all ( Figure 7A ). Instead, this ratio appears to be sensitive to lithology variations. For example, the purest carbonate sample G009647 (calcite 97.7%, Table 3) obviously has the lowest Ts/(Ts+Tm) ratio ( Figure 7A) . Corresponding to what Peters et al. (2005) have already clarified, oils derived from carbonates appear to have unusually low Ts/(Ts+Tm) ratios compared with those from shales. Shale is enriched in clay minerals, and hence may enhance the clay-catalyzed reactions (Seifert and Moldowan, 1978) . There is a generalised positive correlation (R 2 = 0.73) between the content of mixed-layer illite-smectite and the Ts/(Ts+Tm) ratio values (Figure 8) . Therefore, the differences in lithology are responsible for the significant variation in Ts/(Ts+Tm) ratios in the Marathon 1 Mesquite well. The possibility of fractionation in the Ts/(Ts+Tm) ratio, which may be overprinted by in situ clay-catalyzed reactions, is nevertheless not observable here.
It has also been proposed that acidic clays can serve as a catalytic mechanism for the conversion of sterols into diasteranes (Rubinstein and Albrecht, 1975) , and hence the low diasteranes/steranes ratios are indicative of clay-poor or carbonate source rocks (Hill et al., 2007; Peters et al., 2005) . This hypothesis may explain the low C27 ( Figure 5D ) and C29 ( Figure 6D) diasteranes/steranes ratios of sample G009647. It has been reported that the diasterane/sterane ratios do not correlate directly with clay content, but rather depend on the ratio of clay relative to organic matter (clay/TOC) (van Kaam-Peters et al., 1998) . However, in our sample set, the C27 and C29 diasteranes/steranes ratios show no correlation with illite-smectite content, nor with the TOC-normalized illite-smectite content. Compared with the Ts/(Ts+Tm) ratio, the diasteranes/steranes ratios appear to be less sensitive to changes in lithological compositions.
As also applies to the equilibrated 20S/(20S+20R) diasteranes (Figure 3) , the 22S/(22S+22R) ratio of C31 17α-hopanes indicates equilibrium mixtures are obtained as well ( Figure 7B ).
Likewise, the overall distribution of 22S/(22S+22R) C31 17α-hopanes ratio is uniform throughout the whole sequence, for the same reasons as discussed above for the diasteranes.
Conclusions
Applying established non-biomarker molecular parameters (naphthalenes, phenanthrenes, dibenzothiophenes) and drawing on compound-specific carbon isotopic ratios has revealed that the Barnett Shale sequence of Marathon 1 Mesquite well has an homogeneous biological source and exhibits identical maturation. Consistencies in source facies and maturity are also confirmed by biomarkers. Most biomarkers are not fractionated as a result of primary petroleum migration within the studied source sequence, as follows:
(1) The 20S/(20S+20R) ratio of C27 steranes is uniform throughout the whole sequence, A well-defined sample set is essential for understanding the possible fractionation of biomarkers, which are influenced by various factors like the source-input, maturation, biodegradation etc. With concerns for and interest in shale oils increasing in recent years, we anticipate that more well-defined sample sets shall be drawn on in the future. This study provides a starting point, and the phenomena observed here await future verification. Radke et al., 1982 198 &184 5.85 *MPI1 calculated vitrinite reflectance was published in a previous study (Han et al., 2015) . 
24
